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Abstract
Calcium phosphate coatings have been applied to titanium metal substrates and their alloys as a synergistic alternative
capable of combining the mechanical properties of metals and the excellent bioactive properties provided by ceramic
materials. However, the unsatisfactory adhesion of hydroxyapatite coatings on metallic substrates, as well as their limitation
when subjected to mechanical stresses have been reported as a limitation. Biofunctional coatings have been proposed as an
alternative to single ceramic coatings, aiming at optimizing the long-term clinical success of biomaterials such as Ti. This
work aims at evaluating the morphological properties and biological behavior of Ti-cp coated with matrix composite coating
hydroxyapatite-containing hybrid. The hybrid matrix was obtained from TEOS and MTES silicon precursors, with dispersed
hydroxyapatite suspended by dip coating. For the morphological characterization FTIR, SEM/FEG, AFM and contact angle
measurement were used. Biological behavior was evaluated for toxicity, cell viability and the osteogenic differentiation
capacity of mesenchymal stem cells. The composite coatings obtained showed regular dispersion of hydroxyapatite particles
in the hybrid matrix, with uniform coating adhering to the Ti-Cp substrate. Nevertheless, although they provided similar
viability behavior of mesenchymal stem cells to the Ti-Cp substrate, the evaluated coatings did not present osteoinductive
properties. This result is probably due to the pronounced hydrophobic behavior caused by the incorporation of HA.
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In the area of tissue regeneration, calcium phosphate coat-
ings have been applied to titanium metal substrates and their
alloys as a synergistic alternative capable of combining the
mechanical properties of metals with the excellent bioactive
properties provided by ceramic materials [1]. Hence, the
aim is to apply these coatings in orthopedic and dental
clinical implants [2, 3].
Among calcium phosphates, the use of hydroxyapatite
[HA, Ca10(PO4)6(OH)2] is emphasized. Due to its chemical
compatibility with bone tissue, the interaction between the
hydroxyapatite and the developing biomaterial is favored
[4]. However, some authors have already demonstrated the
unsatisfactory adhesion of hydroxyapatite coatings on
metallic substrates, as well as their limitation when sub-
jected to mechanical stress [5–7]. In addition, Duta et al. [1]
have observed, in long-term clinical studies, bone loss and
inflammation around HA-coated implants.
On the other hand, some studies have used silicon-based
organic-inorganic coatings prepared by the sol-gel method
as substitutes for ceramic coatings [8], due to the possibility
of incorporation of bioactive particles, promoting the for-
mation of a hybrid matrix. According to Mcentire et al. [9]
specifically, coatings containing hydroxyapatite particles
promote the release of ions (calcium and phosphate), thus
increasing the saturation of body fluids, causing precipita-
tion of an apatite layer over the implant, which aids in
stabilization and fixation of the fluid. In addition, the apatite
layer formed may induce mineralization of the extracellular
matrix by osteoblastic cells [10].
Chen and Ko [11], evaluated the behavior of bone marrow-
derived mesenchymal stem cells on a silane-derived coating
by using the Methacryloxypropyltrimethoxysilane (MPTMS)
precursor with the addition of peptides (arginine, glycine,
aspartate and serine) on titanium substrates. The authors
concluded that the proposed coating proved to be a promising
method for modifying titanium surfaces to be used as dental
implants. According to Wang et al. [12] the use of stem cells
has been proposed as they can modulate the immune system
and prevent allogeneic rejection, providing great success in
clinical applications.
In this context, the present work aims at evaluating the
morphological properties and biological behavior of Ti-cp
coated with hydroxyapatite hybrid matrix composite coat-
ing. The hybrid matrix was obtained by dip-coating from a
suspension containing TEOS and MTES silicon precursors
with dispersed hydroxyapatite particles.
2 Materials and methods
For this study, a grade 2 commercially pure titanium sub-
strate (Ti-Cp) (TiBrasil Titanium Ltda., Brazil) with 14 mm
diameter and 1.5 mm thickness was used. According to the
supplier, the composition of the material is as follows: N
0.03% max., C 0.10% max., H 0.015% max., Fe 0.30%
max., O 0.25% max., and bal. Ti. All concentrations are
within the limits set by ASTM F67.
2.1 Substrate preparation
Ti-Cp samples were sanded with #1200 silicon carbide
sandpaper. Subsequently, the samples were degreased in
alkaline detergent, washed in distilled water and immersed
in an ultrasonic bath (Unique, MaxiClean 800, Brazil) in
acetone and ethanol for 10 min with subsequent rinsing with
deionized water [13, 14].
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2.2 Preparation and structural and physicochemical
characterization of the hydroxyapatite-
containing hybrid matrix composite coating
The hybrid matrix composite coating used in this work was
obtained by combining silane hybrid coating and hydro-
xyapatite bioactive particles.
For the formulation of the hybrid coating the precursors
used were the following: alkoxysilane, tetraethoxysilane
(TEOS) and organoalkoxysilane, methyltriethoxysilane
(MTES), both from Sigma-Aldrich (≥98%). Bioactive particles
were hydroxyapatite (Ca3(PO4)2) from Sigma-Aldrich (≥90%).
The coatings were obtained by the sol-gel method from
the hydrolysis reactions of silicon precursors in ethanol
(C2H6O, 99.5%, Anhydrol) and distilled water. The molar
ratio between the alkoxysilane and organoalkoxysilane
precursors was kept constant at TEOS/MTES= 40/60.
Initially, the solution was prepared by mixing ethanol with
the precursors at room temperature and under stirring.
Subsequently, the water was acidified with acetic acid
(0.1 mol L−1) and gradually added to this solution while
stirring for 10 min. Thereafter, the solution was kept at
40 °C and constant stirring continued for 3 h until a clear sol
with a pH between 1.0 to 2.0 was obtained. Hydrolysis was
performed for 24 h at room temperature [15–18]. After the
precursor hydrolysis step, 5% hydroxyapatite (weight) was
added to the sol solution. Homogenization was conducted in
a high shear mixer (homogenizer mixer) for 6 min [19, 20].
The application of the monolayer by dip coating was
performed with an immersion and removal speed of 18 °C
min−1 with 5 min immersion. After applying the film on the
substrate, the sample remained for 2 h at room temperature.
Thereafter, the coating was cured in a heating ramp muffle
at a rate of 10 °C min−1 at a temperature of 450 °C for
30 min [21, 22].
The size distribution of HA particles used in this work
was determined with a laser diffraction granulometer man-
ufactured by Cilas (model 1180), with the detection range
between 0.04 and 2500 µm. The sample analyzed by this
technique was dispersed in water and subjected to ultrasonic
agitation for 60 s for disintegration.
Hydroxyapatite particles and hydrolyzed solution at 24 h
and after curing at 450 °C were analyzed by Fourier trans-
form infrared spectroscopy (FTIR) on a Nicolet IS10
Thermo Scientific spectrometer in the region between 4000
and 400 cm−1, with 4 cm−1 resolution. To evaluate the film
morphologies a Tescan Mira3 field emission scanning
electron microscope (FEG-SEM) was used.
Samples were observed in top view for identifying the
surface morphology. In addition, samples were observed in
cross section in order to visualize and estimate the thickness
of the formed films. Elemental mapping of the coatings was
performed by Energy Dispersive Spectroscopy (EDS), by
using an Oxford Instruments X-Maxd apparatus. The
coating was added to the metal substrate by applying the
Crosshatch and Tape Pull Test, as per ASTM D-3359.
The wettability of the hybrid coatings was evaluated by
determining the contact angle by the sessile drop method
from an apparatus developed by the Corrosion Research
Laboratory (LAPEC) of the Federal University of Rio
Grande do Sul (UFRGS). Contact angle was determined by
using the Surftens 3.0 image analysis program.
The nanometer surface roughness of the coating was
assessed by atomic force microscopy (AFM) on Shimadzu-
SPM9700 equipment operating in contact mode with
aluminum-coated silicon nitride probes and a vertical
scanning capacity of 8 μm and 10 × 10 μm scan.
2.3 Biological characterization
2.3.1 Obtaining and cultivating mesenchymal stem cells
(MSCs)
For the present work, mesenchymal stem cells (MSC) were
isolated from the tissue pulp from deciduous teeth [23]. The
teeth were extracted from healthy children, enrolled on the
Pediatric dentistry program of the Faculty of Dentistry at
UFRGS, after informed written consent from the parents/
guardians. The teeth were transported to the Hematology
and Stem Cells Laboratory for isolation of MSC. After
isolation, the adherent cells were cultivated in DMEM
culture medium (Dulbecco’s Modified Eagle’s Medium;
D5523; Sigma Aldrich., St Louis, MO, USA) and supple-
mented with 10% bovine fetal serum (Gibco BRL, Grand
Island, NY, USA) and 1% penicillin/streptomycin (Gibco
BRL, Grand Island, NY, USA), at 37 °C in a humid
atmosphere of 5% CO2. The culture medium was changed
every 3–4 days. The passages were performed as required
and the cells were tested for adipogenic, osteogenic and
condrogenic differentiation as well as immunophenotyping
profile (data not shown), previously to the experiments.
The use of human cells in biomaterials was approved by
the Ethics Committee at UFRGS (No. CAAE
36403514.6.0000.5347).
2.3.2 In vitro biocompatibility study
The biocompatibility of titanium surfaces as well as hybrid
coatings was evaluated by adhesion, cell viability, cytotoxi-
city, morphology and osteogenic differentiation capacity.
For the adhesion, cell viability, cytotoxicity and mor-
phology analyses, three different primary cultures were
used. For the osteogenic differentiation tests, two different
primary cultures were used. All tests were performed in
triplicate. All samples were sterilized under UV lamp for
120 min.
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2.3.2.1 Cell adhesion For this purpose, 30,000 cells were
seeded on all types of biomaterials and compared to a
control group, which consisted of cells cultivated directly
on a plastic surface of culture plates. In the experiment, the
cells were stained with 4,6-diamidino-2-phenylindole
(DAPI), a marker of cell core, after 6 h of seeding on the
coatings. Following this, photographs in ×400 magnifica-
tion were taken in nine points randomly chosen on the
scaffolds and the average of cells per matrix type was cal-
culated. The result was expressed as a mean number of cells
per group.
2.3.2.2 Cellular viability analysis Viability was performed
using the WST-8 reagent (Sigma-Aldrich®). For this,
30,000 cells were seeded in each scaffold. After 1, 4 and
7 days of cultivation, the WST-8 reagent was added to all
groups of biomaterials and left in contact with the cells for
1 h, according to the manufacturer’s instructions. Following
this, the solution was read at 450 nm in a plate reader. A
control group, which consisted of cells directly cultivated
on the well, was also evaluated by WST-8 assay.
2.3.2.3 Cellular morphology So as to verify the presence
and morphology of MSCs in the different groups tested, the
samples were evaluated by confocal microscopy. For this,
three samples from each biomaterial and three from the
control group (cells sown directly in the culture wells) were
fixed with paraformaldehyde for 1 h at room temperature
after 7 days of cell sowing. Afterwards, a solution of PBS/
Triton (0.1%) (Invitrogen®) was left in contact with them for
30 min. Then solution of phalloidin/rhodamine (200 µgmL−1)
in PBS/triton was added to wells containing the biomaterials
and cells for 40 min at room temperature and protected from
light. After the solution was withdrawn, DAPI dye was
added for labeling the cell nuclei for 1 min at room tem-
perature and protected from light. Successive washes were
performed and biomaterials and wells containing labeled
cells were kept refrigerated and protected from light until
the analyses were performed.
2.3.2.4 Cytotoxicity assay The cytotoxicity was assessed
by measurement of the lactate dehydrogenase enzyme
(LDH) using a colorimetric method (Labtest). In the lactate
dehydrogenase (LDH) assay, the leakage of the cytoplasm-
located enzyme LDH into the extracellular medium was
measured and its presence in the cell culture medium was
indicative of cell membrane damage. For testing, aliquots of
the supernatant of the cultures were measured after 1, 4 and
7 days of cultivation. Cells cultivated directly on the plastic
surface of the culture plates were used as non-toxicity
control. The reading of absorbance was carried out in
Wallac EnVision (Perkin Elmer).
2.3.3 Osteogenic differentiation behavior
After obtaining and characterizing the MSCs, they were dis-
persed on the bioactive hybrid coating (TEOS/MTES con-
taining hydroxyapatite), to evaluate osteogenic differentiation.
Osteogenic differentiation was performed by culturing
for 21 days in medium containing fetal bovine serum
(10%), dexamethasone (10−7 M), ascorbic acid 2-phosphate
(5 µg mL−1) and β-glycerophosphate (10 mM), following
the protocol described in the study by Meirelles et al. [24].
For this experiment five different groups were per-
formed: (1) negative control, consisting of cells cultivated in
wells without stimulation of the differentiation medium; (2)
positive control, consisting of MSCs grown directly in crop
wells and subjected to the differentiation protocol; (3) Ti-
Cp, where cells were cultured on titanium biomaterial and
subjected to differentiation; (4) Ti/TMHA, in which MSCs
were sown and given differentiation medium; and (5) Ti/
TMHA without cells, where only TM biomaterials were kept
in supplemented medium, without differentiation reagents,
throughout the experiment period.
The differentiation behavior was verified after 21 days of
experiment. For the analysis, 4% paraformaldehyde was
used for 30 min and then all groups were stained with
Alizarin Red for 20 min. After washing with Milli-Q water,
500 microliters of 10% acetic acid was added to wells
containing cells and/or biomaterials until complete dis-
solution of all stained calcium crystals. Of these, 50
microliters were transferred to a 96-well plate and 100
microliters of an ammonium hydroxide solution was added.
Reading was taken immediately, at 405 nm.
It is noteworthy that all data obtained were analyzed for
normality in order to verify the need for parametric or non-
parametric tests for comparison. For the cell adhesion ana-
lysis, the one-way ANOVA test was performed, followed by
the post-hoc Tukey test. For cell viability and cytotoxicity
tests, the repeated measures test was performed followed by
post-hoc Tukey. The statistical program used was the SPSS
(version 16.0 - SPSS, Chicago, IL, USA) and the sig-
nificance level adopted in the study was 5% (p < 0.05).
Table 1 is the coding used for the samples during the
development of this study.
3 Results and discussion
3.1 Structural and physicochemical characterization
of the hydroxyapatite-containing hybrid matrix
composite coating
Figure 1 shows the FTIR spectra of hydroxyapatite, TEOS/
MTES sol after 24 h of hydrolysis and TEOS/MTES sol
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with the addition of hydrolyzed HA particles for 24 h and
after curing at 450 °C.
The interpretation of the presented spectra shows that the
bands obtained for the chemical structure of the hydro-
xyapatite used in this study, as received, are in agreement
with those found in the literature. A band close to 634 cm−1
was attributed to the stretching of the hydroxyl groups
(–OH). The bands located at 560 and 1034 cm−1 were
related to the vibration of the P–O bonds and the 958 cm−1
associated to the asymmetrical stretching of PO4
−3 [25–27].
For the TEOS/MTES coating after 24 h of hydrolysis, the
broad absorption between 3200 and 3700 cm−1 was attrib-
uted to axial deformation of –OH, arising from silanol
groups (Si–OH) and the presence of water and alcohol
solvents (–OH). In addition, the presence of the acetic acid
catalyst was evidenced due to the appearance of the band at
1716 cm−1, approximately, regarding the C=O bond.
Absorbances at around 2900 cm−1 are associated with C–H
bonds, symmetrical and asymmetrical stretching (CH2 and
CH3), in the aliphatic alkoxysilane (TEOS) and orga-
noalkoxysilane (MTES) chains. In the hydrolyzed TEOS/
MTES solution containing the hydroxyapatite particles after
24 h, most of the bands presented for the hydrolyzed solu-
tion were observed with the overlapping of the bands in the
chemical structure of the hydroxyapatite. The spectra
obtained for the cured sample showed the occurrence of the
condensation reaction between the silanol groups due to the
formation of siloxane bonds (Si–O–Si), associated with
the appearance of a band at ~1020 cm−1, as well as the
appearance of a band at ~876 cm−1, corresponding to the
formation of the Si–O–P chemical bond resulting from the
reaction of the hydroxyl groups present in the hydro-
xyapatite structure and the silanol group from the hydrolysis
of the silane precursors [28–30].
The results obtained by laser diffraction for the hydro-
xyapatite particles presented their average size of ~5.15 µm
with median diameters at frequencies of 10%, 50% and 90%
of 1.20, 4.15 and 10 µm, 82 µm, respectively. Correlating
these results with the SEM/FEG analysis (Fig. 2), the
hydroxyapatite particles in the form as received were in the
form of agglomerates and therefore the justification for
detecting broad particle size distribution.
Figure 2 shows the SEM-FEG micrographs of the metal
substrate, hydroxyapatite particles and TEOS/MTES coat-
ings with and without HA dispersion. For both coatings, a
film with regular morphology and no apparent cracks
covering the titanium surface was observed. The Ti/TMHA
sample also showed the presence of HA particles embed-
ded in the coating, evenly distributed over the analysis
surface, with an intermediate size between 4 and 10 µm.
This result is in agreement with what was evidenced by
García et al. [19], who concluded that the homogeneity of
Fig. 2 SEM/FEG of Ti-Cp metal substrate, hydroxyapatite particles
and hybrid matrix coatings with and without hydroxyapatite
Table 1 Coding used for
samples during the development
of this study
Coding Description
Ti-Cp Commercially pure titanium substrate—sanded (#1200).
Ti/TM Titanium substrate coated with hybrid matrix film composed of TEOS and MTES.
Ti/TMHA Titanium substrate coated with hybrid matrix film composed of TEOS and MTES with
dispersion of hydroxyapatite particles.
Fig. 1 FTIR spectrum of hydroxyapatite, hydrolyzed TEOS/MTES sol
with and without HA dispersion and after curing at 450 °C
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the CaO-SiO2-P2O5-containing suspension in a silane pre-
cursor sol directly influences the uniformity of the dis-
tribution of these particles when arranged on AISI 316 L
metal substrate.
The chemical composition of the deposited coatings was
confirmed by the EDS mapping as per Fig. 3, in which for
the samples (Ti/TM and Ti/TMHA) the presence of Si and O
elements was observed, which is the main chemical ele-
ments present in the siloxane, according to the FTIR ana-
lysis. For the Ti/TMHA sample, the presence of Ca and P
elements belonging to the HA composition was detected.
Indeed, the most intense staining points observed for Ca and
P elements (Fig. 3) corroborate the morphological analysis,
which may be related to the agglomeration of hydro-
xyapatite particles on the coated surface of Ti-Cp substrate.
The SEM/FEG micrographs after the adhesion tests
(Fig. 3) show that both coatings had adhesion on the Ti-Cp
metallic substrate, since they did not have detachment
areas beyond the regions demarcated by the assay, result-
ing in satisfactory interaction between them. The layer
thickness was between 0.77-1.02 µm for Ti/TM hybrid
coating and 3.68-4.2 µm for Ti/TMHA hybrid composite
coating (Fig. 3). The results found were consistent with the
findings of García et al. [19], which obtained layer thick-
ness values of ~2.0 μm for hybrid TEOS and MTES
coatings containing hydroxyapatite particles in diameters
between 5 and 8 μm.
Another important relationship is that the thickness of the
coating formulated only with the TEOS and MTES pre-
cursors was smaller than the diameter of the hydroxyapatite
particles, regardless of whether they were arranged in
agglomerate form or not. This indicates the exposure of
particles in the coating where they are dispersedly incor-
porated, contributing to the increase of surface irregularity
with the roughness parameters (Fig. 4), thus justifying the
increase observed for Rz in the Ti/TMHA sample (Ra=
7.0 ± 1.5 nm and Rz= 53.0 ± 9.0 nm) in relation to Ti/TM
(Ra= 6.5 ± 0.6 nm and Rz= 35.6 ± 7.0 nm), caused by the
increase of the vertical distance between the highest peak
and the deepest valley of the surface due to the incorpora-
tion of HA particles. On the other hand, the dispersion of
hydroxyapatite particles in the silane coating did not change
the average roughness (Ra). For the Ti-Cp metallic substrate
the leveling effect of both coatings was observed, as a
reduction of Ra of approximately twofold was observed for
the coated substrates relative to Ti-Cp (Ra= 13.7 ± 4.0 nm
and Rz= 70.0 ± 10.0 nm).
Regarding the wettability behavior, the presence of the
particles evidenced the hydrophobic behavior of the hybrid
coating, since a higher contact angle value was obtained for
Fig. 4 Contact angle values of
Ti-Cp and hybrid matrix
composite coatings with and
without hydroxyapatite
Fig. 3 SEM/FEG of hybrid
matrix coatings with and without
hydroxyapatite submitted to the
adhesion test, layer thicknesses
obtained by cross-sectional
sampling and EDS mapping
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the Ti/TMHA sample compared to Ti/TM. This result can be
correlated to the formation of the Si–O–P bond between the
coating and the hydroxyapatite particles, causing the OH
groups to decrease, which tend to accentuate the hydro-
philicity of silane films [31].
3.2 Biological characterization
3.2.1 In vitro biocompatibility study
Figure 5a shows the cytotoxicity behavior assessed by the
LDH (lactate dehydrogenase) assay for the metallic sub-
strate and coatings studied. Throughout the analyses, all
groups presented similar behaviors (without significant
difference among the analyzed groups) regarding the release
of the lactate dehydrogenase enzyme, including in com-
parison with the control group, gold standard for cell cul-
ture, evidencing the nontoxic behavior of the coatings for
mesenchymal stem cells.
Figure 5b shows the results of MSC adhesion on coatings
after 6 h. Due to the number of adhered cells, compared to
the Ti-Cp sample, which obtained the highest indexes, the
silane coatings showed a statistical difference for the
adhesion behavior of MSCs (p > 0.001). However, between
the Ti/TM and Ti/TMHA coatings the incorporation of
hydroxyapatite did not influence the adhesion behavior of
CMTs, since they showed statistically similar results. One
can correlate the superior behavior shown by the Ti-Cp
sample with results already published in the literature,
which determined that rougher surfaces tend to facilitate
cell/biomaterial interaction, causing an increase in cell
adhesion strength, determined by the AFM technique
[32, 33].
Cell viability results, shown in Fig. 6, evaluated by the
WST-8 method, relate cellular metabolism through mito-
chondrial activity of MSCs. On the 1st day of exposure,
similar behaviors were observed among the studied sam-
ples, with no statistical difference between them. After day
4, the Ti/TMHA group showed reduced cell viability com-
pared to the metallic substrate and the hydroxyapatite
hybrid matrix. On day 7, all samples evaluated showed a
lower number of metabolically active cells compared to the
control sample, this behavior being more evident in the Ti/
TMHA sample (p < 0.001), followed by Ti/TM (p < 0.01)
and Ti-Cp (p < 0.05), respectively.
The images obtained by confocal microscopy showed the
mesenchymal stem cell morphologies on samples after
4 days of sowing (Fig. 7). Ti-Cp and Ti/TM presented
superior distribution of cells on the surfaces (cell nuclei,
blue color), appearing more elongated, specifically the
planar-shaped cytoplasmic extensions, which demonstrate a
satisfactory cell-substrate adherence, especially when com-
pared to the Ti/TMHA sample, which apparently had a more
rounded morphology, with focused fluorescence points,
denoting lower spreading and cytocompatibility behaviors
of the proposed coating.
Correlating cell viability results and morphological ana-
lysis, the behavior obtained for the hybrid matrix coating
(free of hydroxyapatite particles) of this work was con-
sistent with the findings of Goriainov et al. [34], in which
they observed that hydrophilic surfaces are able to absorb
(in vitro) proteins that favor cell reorganization more easily,
positively influencing the adhesion and dissemination
behavior of cells on the surface.
Baxter et al. [35] conducted a study of the adhesion and
morphology of osteoblasts and fibroblasts on calcium
Fig. 6 Cell viability behavior evaluated after 1, 4 and 7 days of
exposure of MSCs on the metallic substrate and on the evaluated
coatings. (*corresponds to statistically significant differences using the
ANOVA test p ≤ 0.05) (n= 3)
Fig. 5 a Cytotoxicity behaviors by lactate dehydrogenase enzyme
dosage in cell supernatant and b cell adhesion behavior after 6 h of
analysis (*corresponds to statistically significant differences using the
ANOVA test p ≤ 0.05) (n= 3)
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phosphate surfaces. The results obtained by these authors
were similar to those found in this work, since the surface
treated with hydroxyapatite presented less spread for both
cell types and, consequently, lower cell coverage compared
to the other substrates evaluated.
3.2.2 Osteogenic differentiation behavior
Figure 8 shows the cell differentiation graph tested on the
metallic substrate and the different coatings.
All groups, when compared to the negative control, cells
not submitted to the differentiation procedure, presented a
statistical difference of p < 0.001, except for the Ti/TM
sample, which presented p < 0.01. However, in relation to
the positive control, stem cells submitted to the differ-
entiation protocol, the Ti/TMHA group presented the lowest
absorbance value and a consequently lower osteogenic
differentiation behavior (p < 0.05). The Ti-Cp and Ti/TM
samples presented superior differentiation behavior, favor-
ing the osteoinduction process.
According to the literature, the properties that determine
the quality of an implant surface are already known: che-
mical nature, wettability, roughness and topography, which
are interrelated and will jointly determine the surface’s
ability to allow osseointegration [36–38].
In the present study, the Ti/TMHA sample showed a more
pronounced hydrophobicity behavior compared to the other
samples, which may have contributed to the less favorable
result observed for the osteogenic differentiation of the
studied samples. A similar result was obtained by Hao et al.
[39], who evaluated the behavior of mesenchymal stem
cells obtained from rats on surfaces with different chemical
compositions and obtained better adhesion and cell pro-
liferation behavior on surfaces containing hydrophilic
(–OH) to hydrophobic (–CH3) groups. Shibata et al. [40]
and Sharma et al. [41] also noted that hydrophilic surfaces
tend to provide better interactions with biological fluids,
cells and tissues. Wang et al. [42] evaluated the influence on
wettability and topography of different proportions of
TEOS and MTES silane coatings on 316 L steel and found
that moderately hydrophilic (45°) coatings were more effi-
cient in promoting endothelialization by providing greater
cell adhesion and proliferation compared to another
hydrophobic coating with contact angle close to 85°.
Furthermore, another possible justification for the lower
metabolic activity observed for hybrid matrix coatings with
and without dispersion of hydroxyapatite particles may be
related to the reduction of nanometric roughness when applied
to the titanium substrate. Antonini et al. [43] have shown that
bone marrow-derived stem cells tend to adhere more easily to
rough (Ra= 46 nm) than smooth (Ra= 16 nm) surfaces, also
favoring osteogenic differentiation over nanostructured nio-
bium metal substrates [41]. Similarly, Zhang et al. [44]
observed that topographies of oriented and micrometric level
titanium implants positively influence bone cell response and,
consequently, the process of osteointegration.
It is important to highlight that some studies indicate that
the presence of hydroxyapatite favors the osteogenic dif-
ferentiation process [45]. However, in this work, the results
obtained showed contrary behavior. The results were,
nevertheless, similar to Schliephake et al. [46], in which they
did not obtain an improvement in osteogenic differentiation
when calcium phosphate coatings were added to titanium
substrates aiming at peri-implant bone regeneration. In
addition, Maeno et al. [47] observed the negative influence
Fig. 7 Fluorescence microscopy demonstrating the morphology of the
MSCs on the surface of the groups. The magnification of the photo-
graphs in the first column is ×10 and the second corresponds to ×10
the original
Fig. 8 Behavior of osteogenic differentiation on the metallic substrate
and on the evaluated coatings. (*corresponds to statistically significant
differences using the ANOVA test p ≤ 0.05) (n= 3)
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of calcium ion concentration on the behavior of osteoblastic
cells when greater than 30 mM, promoting the reduction of
cell proliferation and also the differentiation process.
4 Conclusion
Based on the proposed methodology, a hybrid matrix
coating with regular coverage was obtained, without
apparent cracks, which has satisfactorily adhered on the Ti-
Cp substrate. In addition, the hydroxyapatite particles dis-
persed in the hybrid matrix presented uniform distribution
throughout the analyzed surface, but they were in the form
of agglomerates.
The hybrid matrix composite coating showed hydro-
phobic behavior in relation to the particle-free coating and
the Ti-Cp metal substrate due to the formation of the Si-O-P
bond between the coating and the hydroxyapatite particles.
This has consequently led the OH groups to decrease on the
surface of the hybrid matrix composite coating.
Regarding the results of the biological assays, our conclu-
sion is that although a hybrid matrix composite coating con-
taining hydroxyapatite particles provided a difference in the
adhesion behavior of mesenchymal stem cells in relation to the
Ti-Cp substrate, cell viability and osteogenic differentiation
were not observed. This result is most likely due to the pro-
nounced hydrophobic behavior caused by the incorporation of
HA. Thus, although the composite hybrid coating does not
pronounce the osteoinductive condition of the metallic sub-
strate of commercially pure titanium, a possible transfer to the
field of tissue engineering would be its application in metallic
support implants, with the purpose of being used for certain
periods in patients, ensuring only the initial induction of
existing bone tissue regeneration, due to the presence of
hydroxyapatite particles and the bioactivity behavior.
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